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ABSTRACT

This document is a "how-to-do-it" guide to the design of control systems
using analog fluidic devices. It includes reference information on defi-
nitions, symbols, and general principles; an integrated set of static and
dynamic design methods; and a step-by-step design procedure illustrated
with a practical sample problem.

The primary purpose of the Design Manual is to provide the control engi-
neer with a unified set of analytical tools for the straightforward de-
sign of systems employing fluidic devices. Its secondary purpose is to
provide a universally acceptiable vocabulary so that the control engineer,
the fluidic device manufacturer, and the user's project engineer can com-
municate in a common language.

The Fluidic Systems Design Manual contains the following major sections:

Introduction

Applicable Standards

Test Methods and Instrumentation

Graphical Characteristics of Typical Fluidic Devices
Large Signal Performance Analysis

Small Signal Performance Analysis

Detailed System Design Procedure

Illustrative Example of V/STOL Control System Design
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PREFACE

The Fluidic Systems Design Manual was prepared by the Astromechanics
Research Division of Giannini Controls Corporation at Malvern, Pennsyl-
vania, during the period from February 15, 1966, to February 15, 1967.
Charles A. Belsterling was Project Engineer and author of the manual.
Norris G. Barr was a major contributor in the development of experimental
data and in the calculation of the sample design problem. Steven Ciarochi
contributed to the dynamic analysis of the illustrative system and
cooperated with Rebecca Jacksteit in the preparation of the manuscript.

The manual was prepared under Contract DA 44-177-AMC-390(T) with the U.S.
Army Aviation Materiel Laboratories at Forc Eustis, Virginia. George W.
Fosdick was project monitor for the Govecrnment.

Related reports, books, and technical pape=s are contained in the Bibli-
ography.
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1.0 Ii.TRODUCTION

1.1 BACKGROUND

This document is a guide to the design of control systems using analog
fluidic devices. It is intended to be a "how-to-do-it" manual describing
a step-by-step design procedure and illustrating it with practical
numerical examples. For completeness, it also includes textbook informa-
tion on definitions, symbols, and general principles.

The design methods presented in this manual are the result of research
programs supported by the Army Materiel Command since September 1963
(References 3,4,5) . The long-range objective of the program is to

develop the techriiques for the design of systems using fluidic components.

To date, the graphiical and equivaleat circuit analytical methods on which
this manual is based have been developed and verified experimentally for

wide classes of anmplifiers and system components over the range of signal
frequencies from zero to more than 400 cps (Reference 2). As a result,

a unified analytical approach has been developed which in the future can

be programmed for automatic design of complete control systems on a digi-
tal computer.

1.2 PURPOSE

The primary purpose of this manual is to provide the control engineer
with a unified set of analytical tools for the straightforward design of
systems employing fluidic devices. Its secondary purpose is to provide
a universally acceptable vocabulary so that the control e- - lneer, the
fluidic device manufacturer, and the Government project orficer can com-
municate in a common language.

To accomplish the first, the manual presents a complete and integrated
set of design principles previously verified by experimental test results.
It also includes the most up-to-date standards for the fluidic technology
for ready reference. To accomplish the second, the first draft of this
manual was circulated to a distinguished group of people active in the
fluidic analog systems field fo: their review. Constructive comments and
suggestions have been incorporated, wherever practical, in the final edi-
tion.

Finally, to communicate the contents of this manual to its readers with
the least amount of excess material, the author has assumed a level of
education equal to a Bachelor of Science in Mechanical or Electrical
Enzineering. In addition, we assume that the reader has a working knowl-
edge of

. Electrical circuit analysis (References 10 and 12)

. Transform calculus (Reference 9)

. Feedback control systems (Reference 8)

Wt =
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1.3 APPLICABILITY

This manual is limited to the design of control systems using analog f.uidic
components. The methods presented are applicable to all kinds of analog
fluidic components: sensors, amplifiers, networks, and actuators. They are
applicable to all kinds of fluids: gases, compressible liquids (like hy-
draulic fluids), and incompressible liquids (like water). They are applic-
able to all kinds of systems: aircraft, spacecraft, ships, land vehicles,
and tracking devices. They are applicable to a broad spectrum of perform-
ance situations: static, large signal, dynamic, and small signal at fre-
quencies up to those where the physical dimensions of the circuit approach
the wavelength of the signal. They are applicable to practical situations
where second-order effects of the behavior of fluids can be safely neg-
lucted; in other words, they cover most normal cases but must be modified
for the extremes of temperature, pressure ratios, and jet velocity.

1.4 RECOMMENDED USE OF THE DESIGN MANUAL

The Fluidic Systems Design Manual can be divided into three major parts.
Following the Introduction, there are three sections of background and
reference material. Section 2.0, Applicable Standards, defines nomencla-
ture symbols and performance criteria; Section 3.0, Test Methods, describes
the procedures and instruments used to generate performance data. Section
4.0, Graphical Characteristics, covers a description of the static charac-
teristic curves of typical components. The second major division covers
system design procedures in sections titled Large Signal Analysis (5.0),
Small Signal Analysis (6.0), and Detailed System Design Procedure (7.0).
The third major division, Section 8.0, is devoted to the demonstration of
the application of the design procedures to a practical system. It covers
the step-by-step detailed design of a control system for V/STOL aircraft
which employs fluidic components.

To learn the design procedures described in this manual in the most direct
way, the author recommends the following.

First, become thoroughly familiar with the graphical characteristics (2.4
and 4.0), the performance parameters derived from them (2.7 and 6.4), and,
with reference to test methods (3.0), what they represent in terms of the
real fluidic device and its associated circuits.

Second, learn to apply these graphical characteristics to the analysis of
the large signal behavior of a fluidic device in a particular circuit (5.0).
This includes the problems of matching operating points (5.3) and defining
the nonlinear response of the device at very low signal frequencies (5.2).

Third, learn the significance of the electrical equivalent circuit repre-
sentation of fluidic devices and circuits (6.0). Even though in some cases
the control engineer may not be concerned with linearized, high frequency
performance of his fluidic system, the equivalent circuit approach provides
tremendous insight into the behavior of the system, leading to a more

2
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knowledgeable approach to solving circuit problems.

Finally, when the fundamentals have become almost second
the detailed design checklist (7.3) for procedural guidelines and to the

illustrative design problem (8.0) to clarify any fine points of analysis
and design procedure.

-nature, refer to
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2.0 APPLIC..3LE STANDARDS (Reference 1)

2.1 TERMINOLOGY
2.1.1 General

FLUIDICS

FLUERIC

ELEMENTS

COMPONENTS

ANALOG

DIGITAL

ACTIVE

‘ PASSIVE

’ BIAS (QUIESCENT)
POINT

The general field of fluid devices or
systems performing sensing, logic, ampli-
fication, and control functions employing
primarily no-moving-part (flueric) devices.

An adjective applied in some quarters to
fluidic devices and systems performing
sensing, logic, amplification, and control
functions using no moving mechanical
elements.

The general class of devices in their
simplest form used to make up fluidic
components and circuits; for example,
fluidic restrictors and capacitors.
These are the '"least common denominators"
of the fluidics technology.

Fiuidic devices which are interconnected
with elements to form working circuits;
for example, a proportional amplifier or
an OR-NOR logic gate.

The general class of devices or circuits
whose output is utilized as a continuous
function of its input; for example, a
proportioral amplifier.

The general class of devices or circuits
whose output is utilized as a discontinuous
function of its input; for example, a
bistable amplifier.

The general class of devices which control
power from a separate supply.

The general class of devices which operate
on the signal power alone.

The point on its static pressure-flow
characteristics at which an element or
component will be at equilibrium in a
circuit with no signal applied.

e e o ow m oy




2.1.2

OPERATING RANGE

IMPEDANCE

LOADING

Amplifiers
AMPLIFIER

PRESSURE AMPLIFIER

FLOW AMPLIFIER

POWER AMPLIFIER

VENTED VS. CLOSED
AMPLIFIER

JET-INTERACTION
AMPLIFIER

WALL-ATTACHMENT
AMPLIFIER

The maximum range of signal over which an
element or component is recommended for
operation in a circuit. In an amplifier it
is normally limited to the range where the
gain can be considered linear.

An effective restriction in the flow path.

Loading of a component is related to the
output flow demanded from it in a circuit.
For example, an amplifier is unloaded when
it has an infinite impedance connected to
its output port (blocked).

An active fluidic component whose output
signal 1s greater than its input signal.

A component designed specifically for ampli-
fying pressure signals.

A component designed specifically for ampli-
fying flow signals.

A component designed specifically for ampli-
fying power signals.

A vented amplifier utilizes auxiliary ports
to establish a reference pressure in a par-
ticular region of the amplifier geometry; a
closed amplifier has no communication with
an independent reference. Terminclogy for
the geometry is defined in Figures 1 and 2.

An amplifier which utilizes control jets to
deflect a power jet and to modulate the out-
put. Usually employed as an analog ampli-
fier. Terminology for the geometry is de-
fined in Figure 1.

An amplifier which utilizes control of the
attachment of a free jet to a wall (Coanda
effect) to modulate the output. Usually em-
ployed as a digital amplifier. Terminology
for the geometry is defined in Figure 3.

i Gadbiiccans




CONTROL__|
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£ S A A A ==



s A e, e i T 5 P i P i 2N

2.1.3

2.1.4

2.1.5

VORTEX AMPLIFIER

BOUNDARY-LAYER-
CONTROL AMPLIFIER

TURBULENCE AMPLIFIER

AXISYMMETRIC FOCUSED-
JET AMPLIFIER

IMPACT MODULATOR

Sensors

SENSOR

Transducers

TRANSDUCER

Actuators

ACTUATOR

o P W

An amplifier which utilizes the pressure
drop across a controlled vortex for modula-
ting the output. Terminology for the geom-
etry is defined in Figure 4.

An amplifier which utilizes the control of
the separation point of a power stream from
a curved or plane surface to modulate the
output. Terminology for the geometry is de-
fined in Figure 5.

An amplifier which utilizes control of the
laminar-to-turbulent transition of a power
jet to modulate the output. Terminology for
the geometry is defined in Figure 6.

An amplifier which utilizes control of the
attachment of an annular jet to an axisym-
metric flow separator (that is, control of
the focus of the jet) to modulate the out-
put. Usually employed as a digital ampli-
fier. Terminology is defined in Figure 7.

An amplifier which utilizes the control of
the intensity of two directly opposed, im-
pacting power jets, thereby controlling the
position of the impact plane to modulate the
output. Terminology is defined in Figure 8.

A component which, in general, senses vari-
ables and produces a signal in a medium com-
patible with fluidic devices; for example, a
temperature or angular rate sensor.

A component which, in general, converts a
signal from one medium to an equivalent sig-
nal in a second medium, one of which is com-
patible with fluidic devices.

A component which, in general, converts a
fluidic signal into an equivalent mechanical
output.
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2.1.6 Displays
DISPLAY

2.1.7 Logic Devices

LOGIC DEVICE

FLIP-FLOP

2.1.8 Circuit Elements

IMPEDANCE

RESISTOR

CAPACITOR

INDUCTOR

2.2 NOMENCLATURE AND UNITS

2.2.1 Basic Quantities

A component which, in general, converts a
fluidic signal into an equivalent visual
output.

The general category of digital fluidic com-
ponents which perform logic functions; for
example, AND, OR, NOR, and NAND. They can
gate or inhibit signal transmission with the
application, removal, or other combinations
of input signals.

A digital component or circuit with two
stable states and sufficient hysteresis so
that it has "memory". 1Its state is changed
with an input pulse; a continuous input sig-
nal is not necessary for it to remain in a
given state.

A passive fluidic element which requires a
pressure drop to establish a flow through it.
Transfer function may have real and imaginary
parts.

Passive fluidic element which, because of
viscous losses, produces a pressure drop as
a function of the flow through it and has a
transfer function of essentially real com-
ponents (i.e., negligible phase shift) over
the frequency range of interest.

A passive fluidic element which, because of
fluid compressibility, produces a pressure
which lags flow into it by essentially 90°.

A passive fluidic element which, because of
fluid inertance, has a pressure drop which
leads flow by essentially 90°.

The quantities listed below are general; specific quantities should be
identified by subscripts (e.g., Ppp would be pressure at port 02).
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Quantity

length

force

mass

time

angle
frequency
area
acceleration

temperature, static

velocity, angular
acceleration, angular
volume

flow rate

velocity

pressure, general

pressure, absolute
pressure, gage or drop
fluid impedance

fluid resistance

fluid capacitance

fluid inductance

Nomenclature

12

Units
(std) (s1)
inch; in. (meter, m)
pound; 1b (newton; N)

1b-sec2/1n.
seconds; sec
degrees;
cycles/sec;
Ao
in./sec2

degrees 5
Rankine; R

deg/sec

2
deg/sec
in?

3
in%/sec(std
conditions);
or scfm

in./sec

1b/in?;or
psi

psia

psig

1b sec/in?
1b sec/in?
in?/lb

1b seczlin?

(kilogram; kg)
(seconds; sec)
(radians; rad)
(hertz; Hz)
()

On/secz)

(degreeso
Kelvin; K)

(rad/sec)

(rad/secz)

@)

Gns/sec)

(std conditions)
(m/sec)

(N/n?)

(N/n%)
(N/n®)
Nsec/m5
Nsec/m5
/N

Nsec/m5




; Quantity Nomenclature Units
(Std) (1)

§ Laplace operator s 1/sec (/sec)
pressure gain, G dimensionless
incremental P
flow gain, incremental Gf dimensionless
power gain, incremental uu dimensionless
signal-to-noise ratio S/N dimensionless

2.2.2 General Subscripts

control c
output o
supply s
control bias co

control differential cd

output differential od
2.3 SCHEMATICS
The function of the schematics is to enable the circuit designer to employ
meaningful and specific symbols in drawings and schematics which will
clearly define the type of device employed.
2.3.1 General

Qutput port -0

Control ports - C

Arrowhead on control line indicates continual flow required to
maintain state, no memory (no hysteresis).

No arrowhead on control line indicates element has memory
(has useful hysteresis).

Vent port -V

Supply port - S

13




2.3.2 Analog Amplifiers

' JET-INTERACTION AMPLIFIER

01 02 S - supply

Cl - left control

c1 2 C2 - right control
01 - left output

02 - right output

Operating Principle - Jet Interaction (Proportional)

VORTEX AMPLIFIER 1

0
:
S - supply ;
C - control
0 - output i

Operating Principle - Vortex

BOUNDARY -LAYER-CONTROL AMPLIFIER

S1 - passive leg supply

01 02 S2 - active leg supply

C - control
01 - left output

51 52 02 - right output

Y I T W] W | ARy g | L

Operating Principle - Separation Point Control

| 14
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IMPACT MODULATOR

S2
S1 -
0 S2 - supply
C c - control
- 0 - output

Operating Principle - Jet Impact

2.3.3 Sensors and Transducers

ANGULAR RATE SENSOR (series vortex type)

0
0 ~ output
S - supply
@,
»
S

Operating Principle - Vortex

ANGULAR RATE SENSOR (vortex with AP pickoff)

01, 02 - outputs

S - supply

Operating Principle - Vortex

15
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2.3.4 General Circuit Elements

T 4
4 A

GENERAL IMPEDANCE ORIFICE
(TURBULENT RESTRICTION)

e
L —
INDUCTANCE CAPILLARY
(LAMINAR RESTRICTION)
e L]
VOLUME CAPACITANCE RETURN TO RESERVOIR
or —
CONNECTED I CONNECTED

CROSSING LINES

2.4 GRAPHICAL CHARACTERISTICS

In designing any system of interconnected components it is necessary to
take into account the effect of one upon the other. This is true whether
the components are electronic, mechanical, hydraulic, acoustic or fluidic.

The most practical systematic procedures used in control system design is
the so-called '"black box'" method. This technique requires that each com-
ponent be isolated from all other components in the system, then subjected
to a few simple tests under typical operating conditions. This is nor-
mally done by the manufacturer before he ships a component to a user. For
example, the vacuum tube manufacturer supplies a set of characteristic
curves and dynamic parameters for each tube he markets.

The information is used in electronics for amplifier stage coupling (match-
’ ing input and output impedances) and in hydraulics for matching servo
valves pressure-flow characteristics with these loads.

By applying the same proven approach in fluidics, all the marhematical
tools now used in electronics and hydraulics can be applied to fluidic
systems analysis and design.

16
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For most practical cases it is possible to describe the total behavior

of any fluidic device with the three sets of data shown in Figure 9. 1In-
put characteristics define what load an input signal sees when it is
applied to the input ports. Transfer characteristics define what happens
to the output when an input signal is applied. OQutput characteristics
define how the output signal is affected when an external load is connected
at the output ports.

For static and large signal analysis these three characteristics are most
conveniently described graphically, Lecause the graphs take into account
device nonlinearities without complex mathematics. For dynamic and small
signal analysis these characteristics are more conveniently described in
terms of equivalent electrical circuits, because well-developed linear
circuit theory is directly applicable to the calculation of performance.

Typical fluidic component characteristics can be illustrated by those for
one of the most common fluidic amplifiers, the vented jet-interaction
amplifier (Figure 10).

Graphically, the input characteristic of a single input port is a plot of
the control flow versus the pressure applied at the control port (Figure 1l1).
In most vented amplifiers (which minimize internal feedback) the input
characteristics are practically independent of output loading. Note that
the locus of bias points is the curve generated when both control port
pressures are always equal. The differential control curves result when
one control port pressure is increased and the other decreased the same
amount, keeping the average o. the two always at a fixed bias pressure.
These are the conditions under which the amplifier will normally be oper-
ated. The transfer characteristic defines the gain of the amplifier and
is represented by a family of curves with output load as the parameter
(Figure 12). Note that it is normal for the pressure gain to decrease as
the load impedance is reduced (opened from blocked conditions), and that
beyond saturation there can be a reversal in slope.

The output characteristics are a plot of the output flow versus output
pressure as the load is varied from near zero impedance (relatively large
flow) to near infinite impedance (blocked output port) (Figure 13). Be-
cause the output characteristics (which define the output impedance) are
also a function of the control signal, a complete description of the out-
put characteristics is a family of curves of output flow versus output
pressure with control pressure or control flow as the parameter.

Now note that the transfer characteristic and the output characteristics
contain the same information: output behavior, under load, in response
to some input signal. Therefore, only one of these sets of curves is re-
quired. The output characteristics which are plotted in terms of flow
and pressire are more convenient for analyzing the problems of cascading
components; therefore, this form is preferred.

17
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g SUPPLY
RIGHT LEFT
CONTROL CONTROL

h ‘
VENT

VENT

MODEL 1602A
\
SUPPLY NOZZLE

0.02 x 0,05
CONTROL NOzZLE
0.03 x 0,05
S P E—
RIGHT — LEFT
OUTPUT =] OUTPUT

FIGURE 10 - DESCRIPTION OF A TYPICAL
VENTED JFT -INTERACTION AMPLIFIER
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Ps = 4 PSI(AIR)

LOAD = 0.05 IB-SEC

v
INFUT RESISTANCE
AP
RIGHT Ui
FLOW c AQ

Q NORMAL
c | OPERATING BIAS POINTS
LIMITS B =P
c2

DIFFERENTIAL )

CONTROL CURVES
(Pcl + FCZ = CONSTANT)

RIGHT PRESSURE Pc

FIGURE 11 - TYPICAL STATIC INPUT
CHARACTERISTICS (ONE SIDE ONLY)
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P =4 PSI (AIR)

UNLOADED (BLOCKED OUTPUT)

-

0 LOADED
(RIGHT

OUTPUT)

(a) SINGLE-ENDED

P.q (CONTROL DIFFERENTIAL)

UNLOADED (BLOCKED OUTPUT)

Pod
LOADED
(OUTPUT
DIFFERENTIAL) - (b) DIFFERENTIAL

FIGURE 12 - TYPICAL TRANSFER CURVES 1
(DIFFERENTIAL AMPLIFIER)
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P
s
P = 0.4 PSI
co

AP

OUTPUT RESISTANCE R‘u = ﬂQ_ﬂ Pcd CONSTANT

Kol

PRESSURE

RIGHT AMPLIFICATION FACTOR
FLOW
Q A%

K =
P Apcd Qo CONSTANT

NORMAL
OPERATING
LIMITS

RIGHT PRESSURE Po

FIGURE 13 - TYPICAL STATIC CUTPUlL
CHARACTERISTICS
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In summary, the total static and large-signal characteristics of « fluidic
device under normal operating conditions can be described by two sets of
curves: input characteristics, and output characteristics with input sig-
nal as a parameter.

2.4.1 Normalization of Characteristic Curves

The characteristic curves of fluidic devices vary with supply pressure;
therefore, it is necessary to provide input and output characteristics for
every allowable supplv pressure. This can be done by providing individual
input and output curves for a number cf supply pressures. It can also be
done by providing a single set of input and output characteristics normal-
ized with respect to supply pressure and supply flow. In the latter case
it is necessary to provide an additional characteristic curve describing
how supply flow varies with supply pressure (power nozzle characteristic).

2.5 EQUIVALENT ELECTRIC CIRCUITS

As an equivalent electric circuit the fluidic amplifier can be represented
as shown in Figure 14. The input characteristics are described in

terms of simple impedances between the two control ports or between a con-
trol port and return. The transfer characteristics are represented by a
pressure generator whose output pressure is a function of the net pressure
appearing at the control nozzle. The output characteristics are represent-
ed as simple series and shunt impedances which are directly coupled to the
load impedance.

The elements of the electrical equivalent circuits can all be calcylated
from the graphical characteristics, circuit dimensions and conditions at
the bias (quiescent, no-signal) operating point.

In summary, the small-signal and dynamic characteristics of a fluidic de-
vice under normal operating conditions can be represented by an equivalent
electric circuit containing various impedances and a simple generator.

2.6 IMPORTANT PHYSICAL QUANTITIES

In the calculation of the dynamic behavior of fluidic components, it is
necessary to take into account certain physical dimensions of the circuit
and certain qualities of the operating fluid.

2.6.1 Line Lengths

The lengths of lines carrying pressure waves are important in the calcu-
lation of equivalent inductance (or inertance) and resistance. This in-
cludes the lengths of interconnecting lines, coupling hardware, and pass-
ages inside the fluidic component.
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2.6.2 Jet Path Lengths

In passages and chamber areas where pressure waves will not propagate and
the fluidic signal is transmitted as a flow variation (as in a free sub-
merged jet), it is necessary to know the lengths of paths. From this it
is possible to calculate the transit time of a signal through a fluidic
component.

2.6.3 Effective Areas

In the calculation of equivalent inductance (inertance) and resistance, it
is necessary to consider the effective area of the length of passage. For
a fluidic component this may be presented for each different area or as an
effective area based on the formula (from Reference 7)

= Ain = Aout

Ain

Aeffective

In out

where Al and A2 are the areas of inlet and outlet sections. The effec-

tive areas of all control and outlet passages, coupling devices, and in-
terconnecting lines should be given.

2.6.4 Effective Volumes

In the calculation of equivalent volume capacitances in the circuit con-
taining the fluidic component, it is necessary to know the effective vol-
ume of fluid trapped at every level of static pressure; that is, the total
volume of fluid under compression. Effective volumes of all lines, con-
nectors, and internal passage must be given.

2.6.5 Power Jet Velocity

In the calculation of transit time, it is necessary to know the average
velocity of the power jet in the interaction chamber. Either this can be
measured with a pitot tube inserted up through a receiver or it can be cal-
culated from the velocity of the power jet as it exits from the nozzle and
as it enters the receiver.

2.6.6 Qualities of the Operating Fluid

In the calculation of equivalent inductance and equivalent line resistances,
and in the definition of the conditions under which static characterics are
presented, it is irportant to know the quaiities of the operating fluid.
Unless the operating conditions are other than standard, ambient tempera~
ture, return and vent pressures, and type of fluid should be provided.
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2.7 PERFORMANCE PARAMETERS

Performance parameters can be defined for two basic purposes: first,

to describe the behavior of a device under static or dynamic conditions
(like pressure gain) and, second, to provide the data necessary to cal-
culate the behavior from basic information (like output impedance). The
performance parameters most pertinent to analog fluidic control systems
are defined in the following paragraphs.

2.7.1 Output Resistance Ro

Qutput resistance is defined as the ratio of a change in output pressure
to & change in output flow for a fixed control signal; that is,

o AQO Pcd constant

With reference to the static output characteristics of a typical ampli-
fier (as shown in Figure 13), the output resistance is simply the slope

of one of the family of curves. Thus the output characteristic curves
define the output resistance under all static conditions; but because the
characteristic curves are not linear, the actual output resistance is

quite variable. Therefore, in determining the appropriate numerical value,
the resistance must be calculated at the point at which the amplifier is
operated when connected in a circuit.

2.7.2 Pressure Gain Gp

Pressure gain is defined as the ratio of the change in output pressure to
the change in control pressure, when the fluidic amplifier is operating
in a particular circuit (with a particular load). That is (for a differ-
ential amplifier),

od

The transfer curve for a typical differential amplifier is shown in
Figure 12. By the above definition the pressure gain is the slope of the
transfer curve. Since the curve is not linear, the point at which the
amplifier operates in a circuit must be specified in calculating a numer-
ical value for pressure gain.
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2.7.3 Flow Gain Gf

Flow gain is defined as the ratio of the change in output flow to the
change in control flow, when the fluidic amplifier is operating in a
particular circuit (with a particular load). That is (for a differential
amplifier),

AQod
£ A‘ch

G

By this definition the flow gain is the slope of the transfer curve plot-
ted in units of flow. Since the curve is not linear (similar to the
pressure transfer curve of Figure 12), the point at which the amplifier
operates in a circuit must be specified in calculating a numerical value
for flow gain,

2.7.4 Pressure Amplification FactorggP

The pressure amplification factor for amplifiers is defined as the ratio
of the change in output pressure to the change in control pressure when
the output flow is constant. That is,

cd Qo constant

In effect, this is the maximum pressure gain that an amplifier could de-
liver if there were no loading effects (zero amplifier output resistance).
With reference to the output characteristic curves for a typical amplifier
(shown in Figure 13), one can see that the amplification factor is a
function of the horizontal distance between the output impedance curves.
And since the curves are neither linear nor evenly spaced, it is evident
that the pressure amplification factor is quite variable. Therefore, in
determining the appropriate numerical value for Kp, calculations must be

made in the vicinity of the point at which the amplifier operates in a
circuit.

2.7.5 Sensitivity Factor K

A sensitivity factor K can be defined for any fluidic sensor in the same
way that the pressure amplification factor Kp is defined for an amplifier.

The only difference is *hat the input variable is the quantity that the
sensor measures instead of the control differential pressure. That is,
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Since most output characteristic curves for fluidic sensors are nonlinear,
% the numerical value for the sensitivity factor must be calculated at the
point at which the sensor operates when connected in a circuit.

e

2.7.6 Input Resistance RC

Input resistance is defined as the ratio of the change in control pressure
to the change in control flow when the bias pressure is held constant.
That is,

APC
R =i

. Za: (P + Pc2) constant

cl

With reference to the typical differential amplifier static input charac-
teristics (Figure 11), the input resistance is simply the slope of the
appropriate curve. And since the curves are nonlinear, the numerical
value of the input resistance must be calculated at the point at which the
amplifier operates when connected in a circuit.

2.7.7 Equivalent Capacitance C

Because of the compressibility of the operating fluid, there is an equiva-
} lent capacitor formed by every element of volume under pressure in the

fluidic circuit. As a result, the change of pressure at every point is
delayed until there is sufficient flow to satisfy the conditions of con-
pressibility at the new pressure level. The effect is analogous to an
electrical shunt capacitor and can be treated as such in equivalent cir-
cuit analysis (see section 6.0).

The equivalent capacitance of a fluidic device is defined as the ratio of
the trapped volume V to the absolute static pressure Pa- That 1is,

cC = % (for isothermal flow)
I a

Since the passages are seldom uniform and the pressure is not the same in
every section, each must be calculated as a separate element; then they
must be added together to arrive at a total circuit capacitance. The pres-
1 sure used in the calculation of the equivalent capacitance must of ccurse
correspond with the point at which the device operates in a circuit.

28

| . — S (IS ¥ R e



2.7.8 Equivalent Inductance L

Because of the inertance of the operating fluid, there is an equivalent in-
ductor formed by every element of mass in the fluid circuit. As a result,
the change in flow at every point is delayed until sufficient forces can
build up and accelerate the flow to the new level. The effect is analo-
gous to an electrical series inductor and can be treated as such in an
equivalent circuit analysis (see section 6.0).

The equivalent inductance of a fluidic device is defined as the ratio of
the product of mass density and length to the effective cross-sectional
area. That is,

Since the area of the passages in fluidic circuits is seldom uniform and
the density is not the same in every section, each must be calculated as
a separate element; then they must be added together to arrive at a total
circuit inductance. The pressure used to calculate mass density must of
course correspond with the point at which the device operates in a circuit.

2.7.9 Time Delay ty

The total time delay is made up of a transit time t

d' and a propagation

time td". The transit time delay in a fluidic device 1s defined as the

time required to transport a deflected element of fluid in the power stream
from the power nozzle to a point just inside the receiver where pressure
waves can propagate. It can be calculated from the ratio of the length of
the interaction chamber (where the power jet is essentially free) to the
average velocity of the power stream. That is,

' = length of interaction chamber

average velocity of fluid flow

t4

The total time delay also includes the delay in the control and outlet pas-
sages due to the finite velocity of sound. In those cases, the delay is
calculated from

£" = length of aperture
d velocity of sound + velocity of steady fluid flow

and the total time delay is
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2.7.10 Pressure Recovery Factor Rp

Because of losses in fluidic amplifiers, it is not practical to recover
1007 of the total power supplied to it. In many cases the recovery is

an important factor in the selection of an amplifier for a specific appli-
cation. Therefore, we define the pressure recovery factor as the ratio

of the maximum output pressure to the supply pressure. That is,

== (Po)max
P P
S

R

Note that in the normal differential amplifier the maximum output pressure
is recovered when the power stream is in a deflected condition. Note also
that similar recovery factors can be defined for flow and power.

2.7.11 Signal-to-Noise Ratio S/N

Signal-to-noise ratio in fluidic circuits has the same meaning that it has
in electronic circuits. Expressed in decibels, it is the ratio of the max-
imum signal capability to the noise at one point in the circuit. That is,

maximum useable signal
noise

S/N = 20 log10

In fluidic amplifiers, the major source of noise is from turbulence and
instability of the power stream; therefore, a reasonable measure of the
noise can be made at the operating bias point.
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3.0 TEST METHODS AND INSTRUMENTATION

3.1 STATIC

3.1 1 Amplifier Static Characteristics (Paragraph 2.4)

The circuit for measuring the static characteristics of a differential

fluidic amplifier is shown in Figure 15. Note that flowmeters are re- s
quired for one output side only, providing that the second output port is
connected to a dummy load with the same impedance as the flowmeter.

The circuit contains, in addition to the amplifier under test, a regulated
supply of air, manually controlled valves in the lines leading to tb< con- {
trol ports, and identical manually controlled valves in the lines froa the
output ports. The flowmeter in the output circuit should be chosen for low
pressure drop. The pressure meters at the supply, control, and output H
pcrts can be simple U-tube manometers containing a fluid (mercury or water)
suitable for the pressures being measured. Expansion tanks are used at
each port to measure the approximate total pressure. Data can be recorded
directly onto properly scaled graphs labeled output flow versus output
pressure and input flow versus input pressure.

The amplifier is tested as follows: A nominal supply pressure (one for
which the amplifier was designed) is applied, and the pressures at the
control ports are adjusted to 107% of the supply pressure. (This is the
control bias pressure where most jet-interaction amplifiers perform best,
but other bias pressures may be appropriate for a particular case.)

The first run (with wide-open load valve) is made by varying the control ‘
differential pressure from zero to +10% of supply pressure and from zero
to -10% of supply pressure. Note that the bias (the average of the two
control pressures) must always remain at 10% of supply pressure. For 1
example, when the right control pressure is raised to 11%, the left con- |
trol pressure is lowered to 9%, thereby generating +27 control differential
while maintaining the bias at 10%. At each point of control differential, |
the output flow and pressure define a point on the output graph and the

input flow and pressure define a point on the input graph.

When the first run is complete, the load circuit valves are closed an

equal amount, giving roughly 1/4 of the supply pressure at the output

ports with zero control differential. The second run, varying the control

differential pressure from zero to +10% of supply and from zero to -10%

of supply, yields a new set of points on the output graph. The input

points should be checked against the results of the first run to determine

if it is necessary to record them. |

Additional runs are made in an identical manner: the load valves are
closed in increments until the final run with blocked output ports.
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Finally, points of equal control differential pressure are connected with
smooth curves. A typical set of output characteristic curves for a jet
interaction amplifier is shown in Figure 16. Note that, although they
represent a differential amplifier, they are actually measured on one side
only, if the amplifier is reasonably well balanced.

A second and third set of output and input characteristics should be taken
with the same supply pressure but with control bias pressures of 5% of
supply and 207% of supply respectively. A fourth and fifth set, taken at
supply pressures above and below the nominal, and with control bias at 10%
of supply, will complete the characteristics necessary for matching operat-
ing points and analyzing the response to large signals.

The static characteristics of other types of fluidic amplifiers are
measured in a similar manner. It should be emphasized that, when many
characteristics are to be recorded, it is most convenient to automate the
process, using electronic transducers and a graphical XY plotter.

3.1.2 Sensor Static Characteristics (Paragraph 2.4)

The circuit for measuring the static output characteristics of a push-pull
vortex rate sensor is shown in Figure 17. Note that a flowmeter is re-
quired in only one of the output lines, providing that the adjacent line
contains an ecquivalent dummy impedance.

The circuit contains, in addition to the rate sensor under test, a regu-
later. = ly of air, a means for rotating the sensor at a known rate

inc. ..~ manually controlled valves in the output, a flowmeter of low
pres...c drop, and U-tube manometers containing appropriate fluids (typi-
cally water).

The rate sensor is tested as follows. A nominal supply pressure is applied,
and the load valve is opened wide. The rate sensor is rotated at a known
rate, and the output conditions are recorded as a point on an appropriately
scaled graph of output flow versus output pressure. The rate of turm is
changed by a known increment, and the resulting output circuit conditions
are recorded as a point on the output graph.

When a predetermined number of values of rate of turn have been tested, the
load circuit valves are closed by equal increments, the range of rate in-
crements is repeated, and the resulting output pressures are recorded.
Additional runs are made with load valves set at increments giving uniform-
ly spaced points on the output graph until the loads are completely
blocked. Finally, points of equal rates of turn are connected with smooth
curves. The result is a set of output characteristics, shown in Figure 18,
which are typical of many vortex rate sensors.

The static characteristics of other types of fluidic sensors are measured
in a similar manner.
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3.1.3 Passive Element Static Characteristics (Paragraph 2.4)

The circuit for measuring the static characteristics of any fluidic passive
element is shown in Figure 19. The circuit contains, in addition to the
clement under test, a regulated supply pressure, a mauually controlled
valve, a U-tube manometer connected across the resistor, and a low-
pressure-drop flowmeter on the exhaust side of the circuit.

A resistor is tested as follows. The supply pressure is set at a value
slightly above the maximum which the resistor will be exposed to in use.
The manual valve is opened wide, resulting in a particular combinarion of
pressure drop and flow which is recorded as a point on an appropriately
scaled graph of flow versus pressure drop. The manual valve is closed a
given increment, causing a new combination of pressure drop and flow which
is recorded as a new point. The valve is closed by increments, until it
blocks the flow to the element, and the resulting points are plotted on
the graph. Finally, the points are connected to form a smooth curve rep-
resenting the static characteristics of the element. The result is a
characteristic typically as shown in Figure 20.

3.2 DYNAMIC

3.2.1 Amplifier Dynamic Characteristics (Section 6.0)

3.2.1.1 Adjusting the Test Circuit and Interpreting Data Displayed

The circuit for measuring the dynamic characteristics of a push-pull
(differential) fluidic amplifier is shown in Figure 21. Note that the use
of pressure instrumentation is illustrated. Flow transducers could be
used if preferred.

The test circuit contains, in addition to the amplifier under test, a
source of supply, a pneumatic sinusoidal signal generator with separately
adjustable bias and amplitude levels (to be described in detail in para-
graph 3.3.1), manometers containing appropriate fluids connected at the
control and output ports, equal loads connected at the output ports, iden-
tical minimum-volume differential pressure transducers connected between
the control ports and between the output ports (paragraph 3.3.2), an elec-
trical power supply (typically two 3-volt dry-cell batteries), and a high-
sensitivity XY plotting oscilloscope with identical X and Y amplifiers
(paragraph 3.3.4). The X axis is connected to the input transducer, and
the Y axis is connected to the output transducer.

The amplifier is adjusted for test as follows. Supply pressure (typically
8 psig) is applied to the amplifier circuit and the pneumatic sinusoidal

signal generator. The signal generator is set to run at a speed producing
5-10 cps, while the control circuit bias pressure is adjusted to 10% of the
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supply pressure (or any other appropriate bias level). The signal gen-
erator drive motor is then shut off; and by advancing the generator rotor
disc slowly by hand, the amplitude of the sinusoidal differential pressure
signal is measured. The amplitude is then adjusted (typically 10% of
supply pressure, peak to peak) to the proper level. If an adjustment is
made, it is necessary to repeat the bias adjustment again, then the ampli-
tude adjustment, until both requirements are satisfied. The bias and the
amplitude pressures are noted, and the ccntrol circuit manometers are cut
off. The load bias pressures are noted, and the load circuit manometers
are cut off.

With the signal generator running at low speed (typically 1 to 2 cps) and
the transducer power supply connected, the oscilloscope sensitivities are
adjusted (in the XY mode) for good readability (as illustrated in Figure
22a). The figure on the oscilloscope is obviously a plot of the output
pressure (Y axis) versus the input pressure (X axis); and if the oscillo-
scope amplifiers have been set for equal sersitivity, the slope of the
figure is the pressure gain of the amplifier circuit.

At higher frequencies, when there is a significant amount of phase shift
between the output signal (Y axis) and the input signal (X axis), the
figure appearing on the oscilloscope is not a single line, but rather a
closed figure. If the amplifier (or circuit element) under test is ideal-
ly linear, the figure is a straight line for zero phase difference, an
ellipse with its major axis greater than the slope of the straight line
for phase differences between 0 and 900, and an elsipse with its major
axis exactly vertical for a phase difference of 90 ., For phase differ-
ences greater than 900, the major axis of the ellipse rotates into the
second, third, and fourth guadrants. These situations are illustrated in
Figure 22 for phase differences of less than 180°.

Both gain and phase difference can be read from the oscilloscope display.
Gain is the ratio of the maximum excursion in the Y direction to the maxi-
mum excursion in the X direction, as illustrated in Figure 23. The phase
difference is calculated from the ratio of the width of the ellipse ia the
Y direction to the maximum excursion in the Y direction; that is,

width of ellipse
maximum Y deflection

sine of phase angle difference =

or

= 1 A
8 = sin B

3.2.1.2 Frequency Response Testing (Section 6.0)

The amplifier circuit is now ready for frequency response testing. The
first point is measured with the signal generator set at a very low fre-
quency (less than 1 cps). The gain and phase shift are calculated from
the figure on the oscilloscope. The frequency (which can also be measured
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on the oscilloscope by temporarily switching to the time base mode of
display), the gain, and the phase shift are recorded. Other points are
measured at convenient increments of frequency (typically 1, 2, 5, 7,
10, 20, and so on) up to frequency where the output is so attenuated
that the response cannot be separated from the noise appearing on the
oscilloscope.

From these data, the gain is calculated in decibels = 20 log10 ;—225 c
in

The results are plotted as a familiar Bode diagram (Figure 24), which
shows how the magnitude of the gain and the phase shift of the amplifier
clrcuit vary with frequency of the incoming sinusoidal pressure signal.

3.2.1.3 Measuring Total Time Delay (Paragraph 2.7.9)

For measuring the time delay (transport time) of a fluidic amplifier, it
18 convenient to substitute a square-wave signal generator for the sinus-
oidal signal generator used in the frequency response tests (Figure 21).
The transient response is then displayed on the oscilloscope used in its
two-trace mode (both input and output pressures displayed on a common

time base). A typical response is shown in Figure 25. The time delay
(transport time) is then measured as the time difference between the ini-
tial rise of the square-wave input signal and the initial rise of the out-
put pressure. The measurement is made more convenient by photographing
the oscilloscope display and reading the resulting print.

The time delay appears in the frequency response as a phase difference
directly proportional to frequency. The phase contributed by the time
delay can be calculated from

8 = 360 x time delay x frequency

3.2.2 Sensor Dynamic Characteristics (Section 6.0)

The circuit for measuring the dynamic characteristics of a typical fluidic
sensor (rate sensor) is shown in Figure 26. The circuit contains in addi-
tion to the sensor under test, a source of supply pressure, a means for
introducirg a dynamic change in the sensed variable (such as a sinusoidally
driven rate table), a transducer to measure the sensed variable indepen-
dently (such as a high-performance electromechanical rate gyro), a minimum
volume differential pressure transducer (paragraph 3.3.2), a source of
power for the transducers, an appropriate load on the rate sensor outputs,
and an XY oscilloscope (paragraph 3.3.4).

The input transducer is connected to the X axis of the oscilloscope, and
the output transducer is connected to the Y axis of the oscilloscope. With
the oscilloscope in the XY mode the input is varied sinusoidally at a rela-
tively small peak-to-peak amplitude at various frequencies of interest.
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The amplitude and phase response of the sensor can then be measured di-
rectly from the oscilloscope display, as described in secticn 3.2.1.2.
The results are plotted as a familiar Bode diagram showing the variation
of amplitude and phase with frequency.

The time delay (transport time) of the sensor is measured from the response
to a step input. The results are displayed on the oscilloscope in the two-
trace mode with both input and output signals plotted on a common time
base. The time delay is measured as the difference between the initial
rise of the input signal and the initial rise of the output signal. The
measurement is more convenient if the oscilloscope display is photographed
and the reading taken from the resulting print (as described in section
3.2.1.3).

3.2.3 Passive Element Dynamic Characteristics (Section 6.0)

The circuit for measuring the dynamic characteristics of any passive
fluidic element is shown in Figure 27. 1In addition to the element being
tested, the circuit requires a source of fluid supply, a sinusoidal dif-
ferential pressure signal generator (described in section 3.3.1), a
minimum-volume differential pressure transducer (paragraph 3.3.2), a source
of power for the transducer (3-volt battery), a miniature dynamic flow
probe (hot-wire anemometer) (paragraph 3.3.3), and an XY plotting oscillo-
scope (paragraph 3.3.4).

In running a frequency response test of an impedance element, it may be
desirable to have a biased differential pressure signal, simulating the
conditions encountered in most fluidic amplifier circuits. The signal
generator can be unbalanced to provide this bias flow.

To measure the dynamic characteristics, the flow transducer is connected to
the Y axis of the oscilloscope and the pressure transducer is connected to
the X axis. The signal generator is adjusted for a peak-to-peak amplitude
representing typical conditions (say, 1 psi). The signal generator is then
set to run at a low frequency (below 1 cps). The figure displayed on the
oscilloscope in the XY mode is obviously a plot of the pressure-flow static
characteristics. (Typically, an orifice would display a square-law rela-
tionship; a capillary would show a linear relationship.) "hus, the
impedance of the passive element would be a function of the slope of the
curve around the bias point. With properly calibrated transducers, the
impedance at that frequency can be calculated directly from the oscillo-
scope display.

The frequency can be increascd in convenient increments, and the magnitude
and phase angle of the impedance can be measured from the oscilloscope dis-
play as described in section 3.2.1.1. The results are plotted in the form
of a Bode diagram, showing how the magnitude of the impedance and the phase
angle of the impedance vary with frequency of the applied pressure.
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3.3 SPECIAL TEST EQUIPMENT

3.3.1 Pneumatic Pressure Signal Generator

The pneumatic signal generator required to implement the foregoing
dynamic tests must have the following specifications:
1. Deliver a differential pressure signal.
2. Include an independently adjustable bias pressure in both
output lines.
3. Include an adjustment for peak-to-peak amplitude of the output
signal.
4. Have & continuously adjustable frequency from 1 cps to 300 cps.
5. Generate either a sine wave or a square wave (+ 5% distortion)
with a minimum of changeover effort.
6. Maintain a relatively constant (t 10%) output over the specified
frequency range.
7. Require standard pneumatic and electrical power inputs.

3.3.2 Pressure Transducers

The pressure transducers necessary to implement the test circuits such
as those shown in Figures 21, 26, and 27 have one major physical require-
ment. That i8, they must be capable of measuring pressures in a physical
circuit without introducing a large volume capacitance. Therefore, they
must have a minimum-diameter flush-mounted diaphragm and be connected into
the test circuit by means of a minimum-volume adapter similar to the one
illustrated in Figure 28, using the shortest possible lines. It should
be noted that in a differential pressure transducer, the dynamics of the
two sides are not identical and can never be made so. Therefore, they
should be connected into the test circuit in the same phase (that is,
high pressure on the same sides at the same time) so that the effect will
be partially cancelled.

3.3.3 Flow Transducers

For dynamic testing, the only practical flow sensor known is the hot wire.
However, there are many levels of sophistication in the instrumentation
circuits necessary to provide an indication of the instantaneous flow.
Again, since the dynamic behavior of any fluidic circuit is so highly de-
pendent on the associated lines and volumes, the hot-wire sensor should
be arranged so that it introduces a minimum of additional volume and re-
striction into the test circuit. The sensors should also be properly
phased to minimize any resulting nonlinear effects. That is, they should
be sc arranged that high flow occurs at the same instant at each sensor.
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3.3.4 XY Oscilloscope

For measuring the frequency response characteristics of fluidic devices,
it is most convenient to use an oscilloscope with the following character-

Two beams synchronized to common time base.
Calibrated time base.

Identical amplifiers on both channels.

High sensitivity (2 mv/cm).

Convertible for XY plotting.
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4.0 GRAPHICAL CHARACTERISTICS OF TYPICAL FLUIDIC DEVICES

Graphical characteristics for general classes of active fluidic devices
were defined and discussed in sections 2.4 and 3.1. 1In this section,
actual graphical characteristics of typical active and passive fluidic 3
devices will bes illustrated. These characteristics will show what is to 1 |
be expected in the ''real world".

4.1 TURBULENT (NONLINEAR) RESTRICTORS

Turbulent restrictors are most common in fluidic circuits. Various types
operate with various degrees of turbulence; therefore, their characteris-
tics differ. Shown in Figure 29 are three typical examples of the
characteristics of turbulent restrictors: a sharp-edged orifice, a
standard needle valve, and a short length of plastic tubing. Note that
the characteristics of the most turbuient, the sharp-edged orifice,
closely approach a square law. That is,

Q2 = K(AP)

Since incremental resistance is defined from the slope of these curves it
is important to note that the numerical value of resistance is not con-
stant (the resistance {s nonlinear). It must be calculated at the point
where it is to be operated in a circuit.

4.2 LAMINAR (LINEAR) RESTRICTORS

Laminar restrictors are sometimes needed in a fluidic circuit to avoid the
effects of nonlinear resistance. Various types are used, all of them
based on laminar flow through very small passages. Shown in Figure 30

are typical characteristics of several available types: Fotoceram* ex-
truded ceramic rod, and hundled stainless steel capillary tubes. Note
that over a considerable range of pressure, the characteristic of the
bundled capillary tubes is a straight line. That is,

Q = K(aP)

Since resistance is defined from the slope uf the characteristic curve,
the resistance is constant over this range; therefore, the specific point
of operation need not be known (so long as it is within the linear range).

4.3 FLUIDIC AMPLIFIERS

4.3.1 Vented Jet-Interaction Amplifier Output Characteristics

The output characteristics of a typical vented jet-interaction differen-
tial amplifier are shown in Figure 31. Note that the amplifier is not
stable with blocked loads.

*Trademark of Corning Co.
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4.3.2 VYented Jet-Interaction Amplifier Input Characteristics

The input characteristics of a typical vented jet-interaction amplifier
are shown in Figure 32.

4.3.3 Vented Jet-Interaction Amplifier Transfer Characteristics

The transfer characteristics of a typical jet-interaction amplifier are
shown in Figure 33. Notc that these apply to only one circuit connection;
if the circuit is changed, the transfer characteristics change.

4.3.4 Closed Jet-Interaction Amplifier Qutput Characteristics

The output characteristics of a typical closed jet-interaction amplifier
are shown in Figure 34. Note that by comparison with Figure 31, the use
of vents avoids the complete loss of gain (distance between curves) at
low output flows.

Note that in the closed amplifier, the effects of loading are reflected
back to the input ports. Therefore, the input characteristics will be a
family of curves similar to Figure 32, with load resistance as the
parameter.

4.3.5 Vented Elbow Amplifier Output Characteristics

The output characteristics of a typical vented elbow amplifier are shown
in Figure 35. Note that this type of amplifier is characterized by very
low output resistance CAPO/AQO).

4.4 SENSORS

As described in section 3.1.2, the characteristics of sensors can be de-
scribed by a set of output curves with the sensed variable as a parameter.

4.4.1 Vortex Rate Sensor

The output characteristics of a typical vortex rate sensor are shown in
Figure 36. Note that the parameter is the rate of turn of the sensor.
Note also that because of the type of pickoff used, the characteristics
are very nearly straight lines.

(.5 ACTUATORS
Actuators are defined as the end loads on the fluidic control system
which convert fluidic power into mechanical power. Therefore, we will be

concerned only with input characteristics. The most common forms are
rectilinear and rotary actuators and fluid motors.
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The dynamic characteristics of actuators and reflected loads are cxtremely
important to the design of a stable, high-performance fluidic control
system. Actuator and load dynamics are covered in sections 6.1.5 and
6.1.6.

4.5.1 Rectilinear and Rotary Actuators

Rectilinear and rotary actuators are piston-type devices with very low
leakage, designed for limited motion. Therefore, the static input
characteristics for a blocked mechanical load, typically as shown in
Figure 37, are straight lines very nearly on the pressure axis. With no
mechanical load, the flow (and velocity) is limited only by the friction
and internal resistance of the actuator; but because of limited motion,
this condition can exist only for a short period.

4.5.2 Fluid Motors

Fluid motors may be piston- or vane-type devices designed for continuous
rotation and may have considerable leakage. Typical static input charac-
tevistics with a blocked rotor are shown in Figure 38 for a low-leakage
piston-type motor and for a high-leakage vane-type motor. When the motors
are running at constant velocity, the characteristics are raised parallel
to themselves.
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